In this work 316L stainless steel substrates were coated with sol-gel derived films by means of the dip-coating technique. Titanium isopropoxide and ethanol were used as chemical precursor and solvent, respectively. The dip-coating step was performed using withdrawal speeds of 6 mm/min, 30 mm/min, and 60 mm/min. Next, the samples were heat treated in air for 30 min at 100°C, 300°C, and 400°C. The processed composites were examined by FTIR and UV-vis spectroscopies. We observed that the materials prepared in this work can exhibit a variety of colors depending on the heat treatment temperature, withdrawal speed, and precursor:solvent molar ratio used in their processing. It is an important finding since this behavior could lead to architectural application of these materials. We believe that the changes observed in the UV-vis spectra and the colors of these samples could be related to the variation of the coating thickness as the processing conditions were modified. FTIR tests revealed that the ratio between the intensities of features ascribed to hydroxyl groups and Ti\O bonds decreased as the heat treatment temperature was increased. On the other hand, the ratio between bands related to Ti\O\Ti and Ti\O bonds decreased when the heating temperature was raised from 100°C to 300°C.
Introduction
Stainless steel has been widely used because of its remarkable corrosion resistance at temperatures close to room temperature [1] . Nonetheless, when it is used for decorative purposes its appearance requires a special attention and its color becomes a major focus. According to Kikuti et al. [2] , the standard color of stainless steel (light gray) does not always blend pleasingly with the environment in which it is intended to be used. However, when oxide films are present on the surface of stainless steel different colors may eventually be observed due to light interference phenomena occurring at the film-air and steel-film interfaces. Several methods are commonly used in the preparation of colored stainless steel samples, including heat treatment and/or thermal oxidation [3, 4] , electrochemical oxidation [5] [6] [7] [8] , chemical oxidation [9, 10] , and sol-gel process [11, 12] .
Sol-gel coating films is probably one of the most important applications of the sol-gel process [13] . Sol-gel dip coating is potentially less expensive than other conventional thin film forming processes [14, 15] . In addition, this technique is very useful for obtaining materials with new active functions since it allows tailoring the microstructure of the prepared films [16] [17] [18] [19] [20] .
It is well established that the presence of oxide films on the surface of stainless steel may lead to improving its corrosion resistance [21] [22] [23] . The chemical resistance of samples prepared in this work was assessed by Vasconcelos et al. [24] . From potentiodynamic tests they reported that the corrosion rates of these composites were two orders of magnitude lower than that of the bare stainless steel. Moreover, the presence of the sol-gel titania film led to samples with enhanced passivation potentials.
In this work we obtained sol-gel titania coatings on 316L stainless steel substrates. The titania sols were prepared by hydrolysis and condensation of titanium isopropoxide in the presence of water. The as-prepared sols were deposited on 316L stainless steel substrates by means of the dip-coating technique, using different withdrawal speeds. The processed samples were examined by FTIR and UV-vis spectroscopies.
Experimental procedure
In this work, 316L stainless steel plates of 2 mm thickness were cut into pieces of 3.0 cm× 3.0 cm. Prior to coating, substrates were polished until 600 mesh, washed with detergent and deionized water, and degreased with acetone. Finally, they were placed in an ultrasonic bath with acetone and dried under hot air.
Sol-gel titania solutions were prepared by the hydrolysis and condensation of titanium isopropoxide (TIP) in the presence of water. The TIP:H 2 O molar ratio was kept at 1:16. Ethanol (Eth) was used as solvent in the syntheses. We used Eth:TIP molar ratios of 16:1 and 64:1. Acetic acid (HAc) and diethanolamine (DEA) were added to the initial solution, keeping the TIP:HAc:DEA molar ratio at 1:1:1. It is well established that DEA can act as stabilizing agent for the titania sol, preventing its precipitation [25] [26] [27] [28] . Next, 316L stainless steel plates were coated with the as-prepared sols by means of the dip-coating technique, using withdrawal speeds of 6 mm/min, 30 mm/min, and 60 mm/min. The coated plates were heat treated for 30 min in air at 100°C, 300°C, and 400°C. It is worth mentioning that before their coating the substrates showed the standard color of stainless steel (light gray).
FTIR spectra were taken using a Perkin Elmer Spectrum 1000 spectrometer, using a variable angle specular reflectance (VASR) accessory. The spectra were collected using an incidence angle of 80°, 4 cm −1 resolution, and 64 scans. The FTIR spectra showed in this work were obtained using samples prepared by keeping the Eth:TIP molar ratio at 16:1. UV-vis absorption spectra were taken in the spectral range from 200 nm to 800 nm, using a Toshiba U-3510 spectrometer. The UV-vis tests were carried out with an integrating sphere module. The photographs showed in Figs. 8 and 9 were obtained using a digital camera (Olympus model Stylus 1010) supported by an adjustable tripod leg. Fig. 1 shows the FTIR spectra of titania films prepared in this work. The broad absorption band at about 3300 cm −1 is ascribed to stretching vibrations of molecular water and hydroxyl groups [29] . We observed two features at 3250 cm −1 and 3365 cm −1 superimposed onto the band at 3300 cm −1
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. They have been ascribed, respectively, to asymmetric and symmetric stretching vibrations of NH bonds from DEA. Bands related to symmetric ν s (CH 2 ) and asymmetric ν as (CH 2 ) stretching vibrations from TIP are observed at 2867 cm −1 and 2930 cm −1 [30, 31] .
The bands at about 2350 cm −1 are due to CO 2 present in the beam path within the FTIR spectrometer [32] . The features at 1445 cm −1 and 1638 cm −1 are assigned respectively to symmetric ν s (COO) and asymmetric ν as (COO) stretching vibrations. The feature at 1560 cm −1 is due to a ν(C_O) mode, whereas that at 1080 cm −1 is assigned to ν(Ti\O\C) bridging vibrations from isopropoxy groups [31, 33] . The band at 1380 cm −1 is related to the symmetric deformation mode of CH 3 groups from TIP [30, 34] . We observed that this band is less evident in the FTIR spectra of samples heat treated at 300°C or 400°C. Absorption bands ascribed to Ti\O and Ti\O\Ti bonds are observed in the spectral range from 800 cm −1 to 400 cm
, the former being observed at higher wavenumbers than the latter [30, 33] . ) as a function of the heat treatment temperature. We observed that this ratio decreased as the heat treatment temperature was increased. Fig. 2b shows the ratio between the bands ascribed to Ti\O\Ti (680 cm ). One notices that this ratio decreased when the heat treatment temperature was raised from 100°C to 300°C. However, no further substantial changes in this ratio were observed when the heating temperature changed from 300°C to 400°C. Table 1 gives the positions of bands associated to Ti\O\Ti and Ti\O bonds as a function of the heat treatment temperature. We noticed that in a general way, the higher the heat treatment temperature, the greater the separation between these two bands.
3.2. UV-vis absorption spectra of coatings obtained using an Eth:TIP molar ratio of 16:1
Figs. 3 to 5 depict the UV-vis absorption spectra of titania coatings prepared using respectively withdrawal speeds of 6 mm/min, 30 mm/min, and 60 mm/min. In the spectrum of the coating obtained using 6 mm/min withdrawal speed and 100°C heating temperature we observed the presence of two transmission windows at about 385 nm and 700 nm. The combination of these two transmission windows gives rise to a pinkish colored sample. In the spectra of the coatings prepared using 6 mm/min withdrawal speed and heat treatment temperatures of 300°C and 400°C both transmission windows are shifted towards shorter wavelengths, giving rise to orange to brown colored samples. We noticed the presence of an absorption band at about 322 nm in the spectra shown in Fig. 3 .
We observed from Fig. 4 that the titania films obtained by keeping the withdrawal speed at 30 mm/min exhibit one major absorption band in the visible region. However, the film heat treated at 100°C showed two major absorption bands in the ultraviolet region, whereas samples heated at 300°C and 400°C presented only one band. This behavior suggests the occurrence of different types of electronic transitions from the ground state to excited ones in the ultraviolet region of the spectrum of the film heated at 100°C. This sample exhibited a deep blue color due to the presence of a transmission window in its spectrum at 475 nm. The coating obtained after heat treatment at 300°C showed low absorption of photons with wavelengths longer than 600 nm, leading to orange to brown colored samples. The sample heat treated at 400°C exhibited two transmission windows at 425 nm and 700 nm. The combination of these transmission windows gives rise to a pink colored film.
From Fig. 5 we observed that increasing the heat treatment temperature of the titania films obtained with a 60 mm/min withdrawal speed leads to shifting the transmission windows present in the visible region towards longer wavelengths. This behavior causes the observed color change in the samples from green to red. It is worth mentioning that the titania coating prepared using 60 mm/min withdrawal speed and 100°C heat treatment temperature did not develop color. Because of this behavior its UV-vis spectrum is not shown in this work.
3.3. UV-vis absorption spectra of coatings obtained using an Eth:TIP molar ratio of 64:1
The titania sols prepared using a C 2 H 5 OH:TIP molar ratio of 64:1 also gave rise to colored films. The spectra of the films obtained with 30 mm/min and 60 mm/min withdrawal speeds are shown in Figs. 6 and 7, respectively. Films prepared with a 30 mm/min withdrawal speed showed one major absorption band centered in the visible region. We observed that this band is shifted towards longer wavelengths when the heating temperature is increased. In the UV-vis spectra of titania coatings obtained using a 60 mm/min withdrawal speed we noticed the presence of a wide absorption band in the visible range. The increase of the coating heat treatment temperature caused the increase of light transmission in the violet region. Because of this behavior the coating color changed from blue to dark blue when the heating temperature was increased. Some of the coatings obtained using a solvent: precursor molar ratio of 64:1 did not develop color. Because of this behavior their UV-vis spectra are not shown in this work. Figs. 8 and 9 show photographs of samples prepared in this work.
Discussion
As mentioned before, the feature at 1080 cm −1 has been ascribed to ν (Ti\O\C) bridging vibrations from isopropoxy groups [31, 33] . According to Atik et al. [21] , when nucleophilic ligands like HAc are added to TIP the coordination number of the central atom increases from 4 to 6 and oligomeric species ([(Ti(OPr i ) 3 (OAc)] n (n = 2 or 3)) ) and Ti\O bonds (800 cm
). are formed. Vasconcelos et al. [35] suggested that a dimeric complex could be present in the network of samples prepared in this work. In this complex HAc could act as carboxylate ligand (CH 3 COO − ). One notices that only the sample prepared using a 60 mm/min withdrawal speed and 400°C heat treatment temperature did not exhibit the feature at 1080 cm −1 in its spectrum.
The presence of the bands at 1638 cm −1 and 1445 cm −1 in the FTIR spectra of samples prepared in this work may suggest a bidentate bridging coordination for the acid group [31] . The separation of 193 cm
between these features is commonly observed for bidentate bridged carboxylic acid titanium complexes [36] . We did not observe the bands at 1000 cm −1 and 850 cm −1 in the FTIR spectra obtained in this work. These bands have been ascribed to isopropoxy groups from TIP [30] . One also notices the absence of the feature related to the C\O stretching mode from free carboxylic acids in the spectral range from 1750 cm − 1 to 1735 cm − 1 . According to Urlaub et al. [31] , this behavior could suggest the absence of ester groups in the prepared coatings resulting from the reaction between TIP and HAc. We observed that the ratio between the intensities of infrared bands ascribed to hydroxyl groups and Ti\O bonds decreased as the heat treatment temperature was increased (see Fig. 2a ). It is well established that the heat treatment of sol-gel titania samples leads to the removal of hydroxyls and water from them [37] [38] [39] . One would expect that this behavior could lead to decreasing the feature related to hydroxyl groups. In addition, the titania lattice is gradually formed as the heat treatment step is performed [30, 40] . One also might expect that the gradual formation of the titania lattice is accompanied by increasing the band ascribed to Ti\O bonds. We believe that the decrease of the aforementioned ratio is related to both the decrease of the band related to hydroxyl groups and the increase of the feature ascribed to Ti\O bonds.
We noticed that the ratio between features related to Ti\O\Ti and Ti\O bonds decreased when the heat treatment temperature was raised from 100°C to 300°C (see Fig. 2b ). One observes from Table 1 that the band ascribed to Ti\O bonds was more sensible to the heat treatment step than that related to Ti\O\Ti bonds. We noticed that the feature related to Ti\O bonds was shifted towards higher wavenumbers as the heat treatment temperature was increased.
It is well established that in the dip-coating process the film thickness (h) can be expressed by the Landau-Levich equation [41] [42] [43] : where U represents the substrate withdrawal speed, η and ρ the viscosity and density of the sol, respectively, γ LV the liquid-vapor surface tension, and g the gravity. One observes from Eq. (1) that the higher the withdrawal speed and sol viscosity, the thicker is the sol-gel coating. In addition, it is well known that the higher the heat treatment temperature of the films, the lower are their thicknesses [15] . Vasconcelos et al. [24] evaluated the thicknesses of the coatings prepared in this work using an Eth:TIP molar ratio of 16:1. Although the thicknesses of the films prepared by keeping the Eth:TIP molar ratio at 64:1 were not assessed in this work, we believe that they could be thinner than those obtained using a molar ratio of 16:1 since the lower the precursor concentration, the lower the sol viscosity [44] . Based on these observations one might expect that the titania coatings obtained in this work exhibit different thicknesses since the processing conditions varied from one sample to another.
Rampaul et al. [45] investigated the deposition by dip-coating of titania thin films on glass substrates. They noticed that the shift of absorption bands observed in the UV-vis spectra of the obtained films increases with increasing their thicknesses. This behavior seems to be related to the light interference phenomena occurring at the steel-film and film-air interfaces. We believe that the observed changes in the UV-vis spectra and colors of the samples prepared in this work could be related to the variation of the coating thickness as the processing conditions were modified.
Conclusions
FTIR tests revealed that the ratio between the intensities of features ascribed to hydroxyl groups and Ti\O bonds decreased as the heat treatment temperature was increased. The ratio between the bands related to Ti\O\Ti and Ti\O bonds decreased when the heating temperature was raised from 100°C to 300°C. However, no further substantial changes in this ratio were observed when the heat treatment temperature changed from 300°C to 400°C. We observed that the feature ascribed to Ti\O bonds was more sensible to the heat treatment step than that related to Ti\O\Ti bonds. We noticed that the feature related to Ti\O bonds was shifted towards higher wavenumbers as the heat treatment temperature was increased.
The feature related to the C_O stretching mode from free carboxylic acids in the spectral range from 1750 cm − 1 to 1735 cm − 1 was not observed in the FTIR spectra obtained in this work. This behavior could indicate the absence of ester groups in the prepared coatings resulting from the reaction between TIP and HAc. We noticed that the materials prepared in this work can exhibit a variety of colors depending on the heat treatment temperature, withdrawal speed, and precursor:solvent molar ratio used in their processing. It is an important finding since this behavior could lead to the architectural application of these materials. We believe that the observed changes in the UV-vis spectra and colors of these samples could be related to the variation of the coating thickness as the processing conditions were modified.
